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Initial  experiments  were  to  observe  the  permeation  fluxes 
to  see  if  steady  states  were  reached.  Once  steady  states 
were  reached,  the  effects  of  electroplated  palladium  surface 
coatings  were  measured  by  varying  the  palladium  thickness 
and  by  using  uncoated  inlet  or  exit  surfaces. 

Variations  in  specimen  thickness  and  in  inlet  hydrogen 
pressure  demonstrated  that  the  overall  transport  rate  was 
not  dependent  on  surface  effects. 

Comparisons  between  gas  phase  charging  experiments  led 
to  the  tentative  conclusion  that  differences  in  shapes  of 
the  permeation  curves  obtained  by  the  two  technigues  are  due 
to  differences  in  hydrogen  flux  levels  produced  by  the  two 

different  charging  techniques.  . 

Experiments  in  which  membi/aHe  thickness  and  hydrogen 
charging  pressure  were  kept  constant  while  varying  tempera- 
tures were  performed  to  observe  the'^ef  fects  of  temperature 
on  permeation.  Arrhenius  plots  were  Vawn  and  activation 
energies  were  calculated  using  standard,  techniques . 

Effective  (apparent  dif fusivities)  >and  lattice  diffusive- 
ties  of  hydrogen  in  Ferrovac-E  iron  were \neasured  at  5 x 10 
to  53  x 10  cm  /sec.  \ 


SECUNITY  CLASSIFICATION  OF  THIS  PAGE(TH.»n  Dmtm  Bnfnd) 


Hydrogen  IVimoal  ion  in  lion  .it 


l,ow  Temperatures 
Michael  H . Surkoiti 
M.  S.  Thoms 

Dep.u  t nu'ii t of  iVimii  Knginoet  iihi 
University  o t Rhode  Islam) 
Kingston,  Rhode  Island  O.’RHl 


ABSTRACT 


A study  of  concent  rat  ion,  thioknuss  and  temperature 
effects  on  hydrogen  permeation  in  lion  was  conducted.  This 
study  was  performed  usinu  a uas  phase  hydrogen  chaining 
technique . 

Initial  experiments  were  to  observe  the  pcine.it  ion 
fluxes  to  see  it  steady  states  were  i eaehed . Once  steady 
states  wt'i  i'  leached,  the  effects  of  e 1 -ect  ropla  t ed  pa  l lad  i um 
surface  coatings  were  measured  by  varying  the  palladium 
thickness  and  by  using  uncoated  inlet  01  exit  surfaces. 

Variations  in  specimen  thickness  and  m inlet  hydrogen 
pressure  demons t rated  that  the  overall  tianspoit  rate  was 
not  dependent  on  surface  effects. 

Comparisons  between  gas  phase  and  elect  rivhemtc.il 
charging  experiments  led  to  t he  tentative  conclusion  that 
differences  m shapes  ot  the  pei meat  ion  curves  obtained  by 
t lie  two  technique;;  are  duo  to  dit  tot  cnees  m hydiogen  flux 
levels  produced  by  the  two  different  dunging  techniques. 

Experiments  in  which  membrane  thickness  and  hydrogen 
charging  pressure  were  kept  c»Mistant  while  varying  tempcia- 

1 


acknowu-:ik;i:mknts 


I wish  to  express  my  sincere  appieeiation  to  I'i.  Robert 
H.  Heidersbaeh  Jr.  whose  uu idance , criticism  and  oveiall 
support  was  instrumental  in  the  successful  completion  ot 
this  work. 

1 a 1 so  wish  to  thank  my  tel  low  graduate  students  and 
friends  for  their  moral  support,  encour.uiement  and  tiiend- 
liness  durimi  my  two  year  stay  in  Rhode  Island. 

I also  with  to  express  my  appreciation  to  the  United 
States  Army  Research  Ol 1 too  - Durham,  toi  the  sponsorship 
o t this  pro jeo t . 

Most  of  all  1 would  like  to  express  lifeloiui  heart- 
felt gratitude  to  my  family,  parol,  Stanley  and  Diana, 
whose  constant  love,  deviation  and  onoouranomont  made  possi- 
ble my  pursuit  of  higher  education. 


i i i 


TABLE  OF  CONTENTS 


CHATTER  1 


CHATTER  2 


CHATTER  3 


I 


E«3g 


LIST  OF  TABLES vi 

LIST  OF  FIGURES vii 

INTRODUCTION 1 

A.  Background 1 

B.  Experimental  System 10 

C.  Low  Temperature  Anomalies 13 

D.  Purpose l q 

EXPERIMENTAL 20 

A.  Equipment  and  Experimental 

Technique 20 

B.  Sample  Membranes 20 

1.  Material 28 

2.  Specimen  Preparation 30 

a.  Polishing 30 

b.  Electroplated  and 

Palladium  on  Iron 
Membranes 30 

RESULTS  AND  DISCUSSION 37 

A.  Experimental  Parameters 37 

1.  Palladium  Entry  and  Exit 

Surfaces 3 7 

2.  Typical  Data  and  Repro- 
ducibility  4 0 

3.  Surface  vs.  Volume  Con- 
trol   4 7 

4.  Elect roehemieu 1 Charging 

Versus  Gas  Phase  Charg- 
ing  56 


TABLE  OF  CONTENTS  (eont ' d ) 


CHAPTER  4 
CHAPTER  5 
CHAPTER  t> 


B.  Data  Analysis 

1.  Effective  Diffu- 

sivity  from  Absorp- 
tion and  Evolution 
Trans ients 

2.  Lattice  Diffusivity 

from  the  Time  Log 
Ana  lysis 

J.  Temperature  Effects 
on  Permeation 

4.  Membrane  Thickness 


Effects  and  Trapping.... 

5.  Pressure  Effects  on 

Permeation 7 9 

SUMMARY  AND  NEW  IDEAS 81 

CONCLUSIONS 8t> 

REFERENCES 8 8 


‘ 


1 


¥ 


LIST  OF  TABLES 


ga9e 

Table  1 Hydrogen  Permeation  Data  for  Iron 17 


Table  2 Composition  of  Ferrovac  - E Iron 29 

Table  3 Summary  of  Hydrogen  Permeation 

Data  Obtained  in  this  Study 82 


v 1 


LIST  OF  FIGURFS 


Figure  1 

Figure  2 

Figure  3 

Figure  4 

Figure  5 
Figure  6 
Figure  7 
Figure  8 
Figure  9 
Figure  10 
Figure  11 

Figure  12 
Figure  13 
Figure  14 


Potential  - pH  Diagram  of  an  Active 
Metal  Water  System  Showing  the  Re- 
gions Where  Various  Electrochemical 
Processes  can  Cause  Hydrogen  Pro- 
duction   

The  Characteristic  Diagram  of 
Load  Versus  Time  for  Hydrogen  In- 
duced Failure 

Yield  Stress  Versus  Hydrogen  Con- 
centration Showing  the  Dependence 
of  the  Stress  for  Fracture  on  the 
Hydrogen  Concentration 

Stepwise  Crack  Growth  Due  to 
Hydrogen  Diffusion,  Subsequent 
Embrittlement  and  Failure 

Diffusivity  of  Hydrogen  in  Iron 
Versus  Inverse  Temperature 

Solubility  of  Hydrogen  in  Iron 
Versus  Inverse  Temperature 

Diffusion  Coefficient  of  Hydrogen 
in  Iron  Versus  Inverse  Temperature. 

Experimental  Cell  Used  for  Gas 
Phase  Charging 

Schematic  of  Experimental  Gas 
Phase  Cell  and  the  Electric  Circuit 

Experimental  Cell  Used  for  Elec- 
trochemical Charging 

Schematic  of  Experimental  Elec- 
trochemical Cell  and  the  Electric 
Ci rcui t 

Pourbaix  Diagram  for  Iron 

Pourbaix  Diagram  for  Palladium 

Electroplating  Apparatus  for 
Plating  Palladium  on  Both  Sides 
of  the  Sample  Membrane 


paqe 


3 


5 


6 


8 

12 

14 

15 

21 

22 

26 


27 
31 
3 3 


34 


vi  i 


*r 


m 


LIST  OF  FIGURES  (cont'd) 


i 


Figure  15  Palladium  Coating  Debonding  on 

Entry  Surface  of  a Vapor  Deposited 
Palladium  Coating 

Figure  16  Typical  Absorption  Transient 

Figure  17  Typical  Evolution  Transient 

Figure  18  Successive  Absorption  Transients 

Figure  19  Successive  Evolution  Transients 

Figure  20  Steady  State  Flux  as  a Function 

of  Sample  Membrane  Thickness 

Figure  21  Absorption  Transients  as  a Func- 
tion of  Thickness  at  a Hydrogen 
Partial  Pressure  = 1/5  atm 

Figure  22  Absorption  Transients  as  a Func- 
tion of  Thickness  at  a Hydrogen 
Partial  Pressure  = 1/2  atm 

Figure  23  Absorption  Transients  as  a Func- 
tion of  Thickness  at  a Hydrogen 
Partial  Pressure  = 4/5  atm 

Figure  24  Absorption  Transients  Showing 

Reproducibility  of  Uncoated  Exit 
Surface  Permeation  Transients 

Figure  25  Absorption  Transients  Comparing 

Coated  and  Uncoated  Sample  Membranes... 

Figure  26  Absorption  Transients  Showing  the 
Effect  of  Different  Thicknesses  of 
Palladium  Coatings 

Figure  27  Typical  Electrochemical 

Charging  Transient 

Figure  29  Comparison  of  Laplace  Transform 

Prediction  with  Experimental  Results... 

Figure  29  Effective  Diffusivity  as  a Function 

of  Sample  Membrane  Thickness 

Figure  30  Ideal  Time  Lag  Extropolation 


Page 


36 

41 

43 

44 

45 

48 


49 


50 


51 


53 

54 


55 

57 

62 

64 


viii 


i 


<- 


66 


(cent  Vl) 


1.1  ST  OK 


FllRlRKS 


Figure  31  Actual  Time  Lay  Fxtrapolat  ion 
for  t ho  Permeation  Transient 
Shown  in  Fiqure  21 

Fiqure  32  Lattice  Piffusivity  as  a Fmu- 

t ion  ot  Sample  Membrane  Thickness. 

Figure  33  Absorption  Transients  at 

Various  Tempera t urea 

Fiqure  34  Effective  Piffusivity  as  a Func- 
tion of  Reciprocal  Temperature.... 

Fiqure  15  Steady  State  Flux  as  a Function  of 
Reciprocal  Tempera t ure 

Fiqure  3b  Steady  State  Flux  as  a Funct ion  of 
Hydrogen  Partial  Pressure 


Page 


t.‘> 


70 


7 2 

7 1 


7 5 


HO 


1 


i x 


1 


CHAPTER  1 
INTRODUCTION 


A . Background 

The  recognition  of  hydrogen  as  a deleterious  solute  in 
steels  and  other  materials  has  been  a subject  of  broad  in- 
terest since  this  phenomenon  was  first  reported  by  Claire 
Deville  and  Troost*  in  the  mid  nineteenth  century.  Since 
then,  it  has  been  seen  that  hydrogen  has  a role  in  induc- 
ing brittle  failure  in  a wide  range  of  metallic  systems, 
both  ferrous  and  non  ferrous. 

The  presence  of  absorbed  hydrogen  in  metals  is  of  spe- 
cial interest  to  the  petroleum  and  aerospace  industries. 
The  aerospace  industry  is  continuously  designing  aircraft, 
missiles  and  spacecraft  using  high  strength  metals  to  re- 
duce weight  and  cost. 

Failure  caused  by  absorbed  hydrogen  in  parts  such  as 

wings,  fasteners  and  fuel  tanks  can  be  costly.  If  failure 

occurs  during  service,  injury  or  death  may  possibly  resul t . 

This  problem  became  quite  noticeable  in  1965  in  the  United 

States  space  program.  Large  storage  vessels  for  high 

2 

purity-high  pressure  hydrogen  began  failing  . Six  failures 
occurred  in  five  tanks  made  of  low  strength  steel,  not  pre- 
viously known  to  be  susceptible  to  hydrogen  embrittlement^ . 
In  1968,  high  strength  nickel  alloys  used  in  hydrogen 

storage  vessels  for  mariner  space  vehicles  were  found  sub- 

2 

ject  to  the  same  form  of  embrittlement  as  in  1965  . 


Failures  due  to  absorbed  hydrogen  in  the  petroleum  in- 
dustry are  usually  not  ns  costly  as  those  in  the  aerospace 
industry.  The  most  common  problem  is  the  failure  of  struc- 
tural steels  in  sour  oil  wells*. 

There  are  three  common  environmental  ways  for  hydroqen 
4 

to  enter  metals  . Metal  exposures  to  high  tempeiature  oi 
hiqh  pressure  hydrogen-containing  environments  are  the  two 
most  common  sources  of  hydroqen  in  metals.  Combinat ions  of 
high  temperature-high  pressure  environments  are  also  com- 
mon. Electrolytic  hydrogen  deposition  is  the  third  common 
source  of  hydrogen  in  metals.  The  electrolytic  method  is 
the  most  potent  process  to  introduce  hydrogen,  since  it 

sustains  enormous  fugacities  of  atomic  hydrogen  at  the  met- 
4 

al  surface  . There  are  many  sources  of  electrolytic  hydro- 
gen. In  the  petroleum  industry,  the  usual  source  is  the 
corrosion  reaction  of  steel  witli  aqueous  hydrogen  sulfide 
solutions, encountered  either  in  production  of  crude  oil  and 
natural  gas  or  in  oil  refining  operations.  In  Figure  1,  a 
potential-pH  plot,  some  processes  by  which  hydrogen  can  en- 

4 

ter  into  metals  are  shown  . In  the  region  below  water  sta- 
bility, hydrogen  can  be  evolved  spontaneously  in  corrosion, 
pickling,  and  battery  (galvanic  cell)  operations  without 
external  current  being  applied.  Below  the  stability  of  the 
m-ion,  where  there  is  application  of  external  current,  hy- 
drogen can  be  produced  in  electroplating,  electrowinning, 
and  cathodic  protection.  Hydrogen  can  be  electrolytically 
introduced  into  a particular  metallic  component  during  any 


PH 


FIGURE  I : Potential -pH  Diagram  of  an  Active  Metal  water  System  Shoving 
the  Reqions  where  Various  Electrochemical  Processes  Can  Cause 
Hydrogen  Production4 
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of  the  many  steps  in  its  preparation  or  service.  Other  hy- 
droqen  sources  include  de-icing  fluids,  chemicals  for  de- 
greasing, paint  stripping  and  etching. 

High  strength  steels  are  subject  to  delayed  brittle 

failure  undct  a steadily  applied  relatively  low  external 

5 

stress  when  they  are  contaminated  with  hydrogen  . The 
steels  lose  their  ductility  by  the  formation  of  microcracks 
within  the  metal  lattice. 

The  kinetics  of  hydrogen  embritt lement  can  be  de- 
scribed with  the  aid  of  a load  versus  time  diagram  (Fig- 
ure 2).  At  certain  stress  levels  a crack  will  form  after 
a period  called  incubation  time.  This  crack  wi 1 1 propagate 
slowly,  and  in  most  cases  t he  stress  intensity  at  the 
crack  tip  will  rise  as  the  crack  grows.  When  the  stress 
intensity  factor  reaches  a critical  value,  rapid  failure 
will  occur*-.  When  the  initial  stress  level  is  increased 
incubation  time  and  crack  propagation  time  tend  to  decrease 

until  a stress  level  where  failure  occurs  immediately  upon 
2 

load  application  . 

When  the  initial  stress  level  stays  below  a threshold 
value,  no  failure  occurs*.  The  threshold  stress  value  ap- 
pears to  bo  a function  of  hydrogen  content  of  the  material, 
and  will  be  higher  the  lower  the  hydrogen  concentration,  as 
shown  in  Figure  3 . This  is  the  reason  why  a baking  treat- 
ment is  applied  to  steel  parts  that  arc  contaminated  with 
hydrogen  due  to  processing.  This  baking  is  expected  to 
drive  out  quantities  of  hydrogen,  therefore  reducing  the 


Hydrogen  Concentration 
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Yield  Stress  ' crsus  Hydrogen  Poncer.tr.it  ion 
Showino  the  Popender.ee  of  the  Stress  f r 
Fracture  or  the  Hy  iroejen  Concent  rat  ion ' 


hydrogen  I'ona’nt  i\it  ion  to  .1  sate  level ‘.  The  outcome  ot 
this  process  is  to  raise  the  ciitical  stress  level  above 

•y 

the  stiess  level  expected  111  seivioe*. 
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TtounO)  et  . al  .b  have  shown  that  crack  propagation  is 
discontinuous.  In  Figure  4 it  is  shown  that  crack  propaga- 
tion occurs  in  discrete  stops. 

It  has  been  proposed  that  hydrogen  enibr  1 1 1 lement  is 
dittusxon  dependent  It  is  argued  that  hydrogen  tends 

to  diffuse  towards  the  most  highly  stressed  regions.  When 

a critical  combination  ot  stiess  and  hydrogen  content  is 

> 

attained,  a crack  initiates  . The  crack  is  arrested  be- 
cause, although  the  stress  intensity  at  its  tip  may  be  high, 
the  local  hydrogen  concentration  will  be  too  low  for  fur- 
ther crack  extension.  Hydrogen  diffusion  will  now  occur 
until  the  crack  tip  condition  is  critical  again  and  a sec- 
ond  burst  will  occur  . Repetition  of  this  process  contin- 
ues until  the  discontinuous  crack  growth  tesults  in  tail- 

y 

ure  . 

1 ' 

Zapfoe  ‘ proposed  the  planar  pressure  theory  winch 
says  that  hydrogen  embrittlement  results  from  the  precipa- 
tion  of  hydrogen  gas  at  defects  such  as  inclusions.  The 

pressure  causes  expansion  of  microcracks  and  voids  due  tv' 

7 It 

the  gas  pressure  . Borol  ius  and  Lrndblom  tl1*.'’!  reported 

the  internal  gas  ptessuro  tv'  be: 
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where : 

P = pressure  in  atm 

• 2 

i = current  density  in  amp/cm 

The  planar  pressure  theory  was  later  modified  by  many  re- 

14 

searchers,  including  Tetelman  and  Robertson 

As  one  can  see,  hydrogen  embrittlement  is  a compli- 
cated phenomenon,  and  its  exact  explanation  has  been  quite 
uncertain.  But  no  matter  how  uncertain  the  explanation,  it 
is  important  to  note  that  hydrogen  has  a maximum  embrittle- 
ment effect  in  the  same  temperature  range  where  anomalies 
in  both  hydrogen  solubility  and  diffusivity  have  been  re- 
ported^3 . 
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B . Experimental  System 

Much  work  has  been  done  on  solubility  and  diffusivity 
in  the  hydrogen-iron  system.  These  results  are  often  not 
easily  compared  or  generalized  because  of  the  differences 
in  experimental  techniques,  material  composition,  and  pro- 
cessing history.  Therefore,  a clear  and  concise  character- 
ization over  a wide  range  of  temperatures  and  pressures  has 
not  been  obtained. 

Sieverts  Law^,  expresses  the  solubility  of  diatomic 
gases  in  metals: 

where:  C = SP^^  (2) 

C = concentration  of  dissolved  hydrogen  in  equilibrium 
with  gaseous  hydrogen  at  pressure  P 

S = proportionality  constant  which  is  temperature  de- 
pendent 

P = hydrogen  pressure 

1/2 

The  P dependence  of  hydrogen  concentration  indicates 
that  hydrogen  enters  iron  in  the  atomic  or  dissociated  form 
rather  than  the  molecular  form1-7. 

There  is  substantial  evidence  that  hydrogen  in  solid 

1 8 

solution  in  iron  occupies  interstitial  lattice  sites 
This  is  sugqcsted  by  the  small  size  of  hydrogen  atom, 

1.06°A  diameter,  and  by  the  large  equilibrium  partial  molal 
volume  of  hydrogen  in  iron,  2.0  cm^/n  atom^.  At  1.06°A 
the  hydrogen  atom  is  much  smaller  than  an  iron  atom,  2.52(,A 
diameter,  it  is  therefore  unlikely  to  have  such  a large  and 


positive  partial  molal  volume  if  the  hydrogen  existed  at 
substitutional  lattice  sites. 


11 
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The  previous  information  tends  to  suggest  hydrogen 

diffuses  interstitally  in  iron.  The  equation  for intersti- 

1 3 

tial  diffusion  is  as  follows  : 

-Q/RT 


D = Do  e 


(3) 


where : 


D = diffusion  coefficient 
Do  = pre-exponential  term  or  frequency  factor 
Q = activation  energy  of  diffusion 
R = universal  gas  constant 
T = temperature  K°. 


The  pre-exponential  term  Do,  has  been  calculated  by  Wert 

20  - 3 2 

and  Zener  for  hydrogen  in  iron  to  be  1.6  x 10  cm  /sec, 

assuming  interstital  diffusion.  Using  the  same  assumption , 
21  . 

McNeil  has  calculated  the  activation  energy  for  lattice 

diffusion  of  hydrogen  in  iron  to  be  1.3  Kcal/mole.  The 

theoretical  pre-exponenta 1 term,  Do,  of  Wert  and  Zener  and 

the  activation  energy  value  of  McNeil  compare  reasonably 

well  with  the  range  of  high  temperature  experimental  values 

15  28 

as  shown  in  Figure  5 ' 
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Note : 
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Diffusivity  of  Hydrogen  in  Iron  Versus 
Inverse  Temperature^ 


Geller  and  Sun  (Ref. 22) 

Sykes,  Burton  and  Gregg  (Ref.  23) 

Stross  and  Tompkins  (Ref.  24) 

Hill  and  Johnson  (Ref.  17) 

Heumann  and  Primas  (Ref.  25) 

Barrer  (Ref.  26) 

Beck,  Rockris,  McBreen,  and  Nanis  (Ref, 
Kumnick  (Ref.  18) 

Quick  (Ref.  28) 

Nelson  and  Stein  (Ref.  29) 

Bryan  and  Dodge  (Ref.  30) 
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C . Low  Temperature  Anomalies 

In  spite  of  the  general  agreement  of  the  physical  as- 
pects of  the  hydrogen-iron  system,  conflicting  data  on  both 
the  diffusivity  and  solubility  have  been  reported  in  the 
low  temperature  ranges.  Hill  and  Johnson^  reported  posi- 
tive deviations  from  Sievert's  law  and  showed  that  low  tem- 
perature measured  solubilities  were  substantially  greater 
than  values  predicted  by  extrapolation  of  the  high  tempera- 
ture data  shown  in  Figure  6.  The  dashed  line  in  Figure  6 

is  taken  from  the  equation  of  solubility  calculated  by  Gel- 
22 

ler  and  Sun  . The  same  deviation  was  also  observed  by 

32 

Chang  and  Bennett 

17  18  22-30 

The  results  of  other  experimental  studies  ' ' 

on  diffusivity  of  hydrogen  in  iron  are  summarized  in  Fig- 
ure 5,  in  whicli  apparent  diffusivity  D is  plotted  against 
reciprocal  temperature.  As  is  shown  in  Figure  5,  as  tem- 
perature decreases  the  scatter  increases.  This  scatter 

cannot  be  attributed  to  variation  in  composition  of  tested 

t . . 18 
material 

Hill  and  Johnson"^  observed  an  anomalous  break  at 

about  200°C  in  the  diffusivity  versus  inverse  temperature 

plot  shown  in  Figure  7.  This  phenomenon  was  not  observed 

2 4 

by  Stross  and  Tompkins  using  a method  similar  to  that  of 
Hi  LI  and  Johnson.  Bryan  and  Dodge^  usinq  a different  ex- 
perimental technique  also  did  not  observe  the  break. 

Quick  did  observe  a break  at  70  C while  using  a vacuum 
method.  Also  the  low  temperature  dif f usivities  recorded 


Log  Solubility  (ppm) 


1(» 


usinci  evolution  experiments  ' tend  to  be  lower  than 

18  2 8 

tohse  associated  with  permeability  experiments  ' . This 

suggests  that  some  sort  of  trapping  phenomenon  is  occurring 
with  hydrogen  at  these  lower  tempera tures . 

Darken  and  Smith'*'*  first  suggested  hydrogen  delay  or 
trapping.  They  found  that  annealed  material  exhibited  an 
evolution  rate  slower  than  the  absorption  rate  for  the  same 
sample.  They  also  found  an  increase  in  solubility  of  hy- 
dorgen  with  increasing  plastic  deformation.  Subsequent  an- 
nealing at  800°C  was  found  to  decrease  the  solubility  from 
that  of  the  cold-worked  state  but  did  not  return  the  mate- 
rial to  its  original  hot  rolled  condition  with  respect  to 

hydrogen  solubility.  Since  Darken  and  Smith  much  work  has 

v , , , t 17,  IB,  14,  35 

been  clone  on  hydrogen  trapping 

The  exact  nature  of  trapping  site's  is  unclear,  al- 
though many  a 1 ternatives  have  been  proposed  on  the  basis  of 

18  11 

experimental  work  . Darken  and  Smith  described  traps  as 
imperfections  in  the  lattice.  Gibala  suggested  that  dis- 
locations, voids  and  interfaces  should  be  considered  pos- 
sible trapping  sites. 

Since  there  seems  to  be  much  confusion  related  to  low 
temperature  data,  researchers  should  work  in  this  area.  It 
is  possible  th.it  part  of  the  scatter  in  available  data  can 
be  related  to  different  experimental  techniques  which  seem 
to  exist,  from  laboratory  to  laboratory.  Table  1 summarizes 
available  low  temperature  data  on  hydrogen  permeation  in 


i ron : 


Hydrogen  Permeation  Data  for  Iron 
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D.  Purpose 
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The  purpose  of  this  work  is  to  better  characterize  hy- 
drogen transport  in  iron  by  studying  both  concentration  and 
thickness  dependences  of  hydrogen  permeation  in  iron  in  the 
vicinity  of  room  temperature. 

4 3 

In  previous  work  at  the  University  of  Rhode  Island 

44  4 8 

and  at  the  U.S.  Army  Materials  and  Mechanics  Center 

using  an  electrochemical  hydrogen  charging  technique,  no 

final  steady  state  hydroqen  permeation  flux  was  observed. 

A possible  explanation  for  this  could  be  trap  nucleation 

34 

and  growth  throughout  the  experiment  . The  high  hydrogen 
flux  levels  produced  during  electrochemical  charging  could 
have  been  the  cause.  The  best  alternative  to  lower  the 
flux  level  was  to  initiate  gas  phase  charging  experiments. 
Presumably  by  charging  at  lower  flux  levels  a steady  state 


will  be  attained. 


.’0 


CliAPTEK  2 
EXPERIMENTAL 

A.  Equipment,  and  Ex  per 'intent  a 1 Technique 

The  elect  rochemica  l hydrogen  poniuMt  nm  technique  w,\s 

first  introduced  by  Dovanathan  and  Staclun  ski  ' , It  was 

later  refined  by  Hockris,  Nanis,  and  co-workers  at  the  Uni- 

^ 8 “ 4 ' 

versity  of  Pennsylvania  . It  has  the  advantages  of 

simplicity,  low  cost  of  equipment  involved  and  the  possi- 
bility lot  measuring  the  effects  of  widely  vary i ng hydrogen 

4 l 

fluxes  on  permeation  rates  of  hydrogen  through  metals 

A schematic  of  the  actual  qas-phase  charging  expeti- 
mental  cell  used  in  this  research  is  shown  in  Kiqure  8. 
Experimental  cells  of  this  typo  have  been  lefioitod  in  ex- 
perimental potmeat ion  research  conducted  at  Cornell  Uni- 

18  \ 7 

versity  , the  University  ot  Pennsylvania  , Ohio  State 

University1'*’,  and  M.I.T.  \ By  using  an  expenmcntal  cell 

similar  to  those  i ep'i  t ed  elsewhere  a good  oompai  isoti  with 

reported  data  should  be  achieved.  The  electric  circuit 

used  in  t li  i s research  is  shown  in  Finnic  l> . 

The  qas  phase  pcrme.it  ion  cell  was  ooni{ vised  of  two 

three-necked,  spherical  pvrex  tlasks  which  have  volumes  ot 

1,000  ml  each.  They  were  connected  by  class  joints  which 

are  grooved  to  take  lUma-N  o-ring.  A pinch  clamp  held  flu* 

joints,  with  the  sample  membi  ane  between  them.  The  exposed 
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Fiqurc  0 Schematic  of  Kxper  iment.i  l il.is  Phase  Coll  and 
the  Electric  Circuit  Noeossat\  lot  Cas  riiaso 
Charqina  Hydrooen  Perme.it  ion  Experiments. 


The  entry  s i ilo  ol  the  sample  membrane  was  exposed  to 
hydrogen  either  Horn  the  gas  phase  01  by  eat  hodie  polariza- 
tion. On  t he  exit  side  the  amount  ot  hydrogen  that  perme- 
ated through  was  measured  as  a function  of  time.  The  hy- 
drogen was  measured  elect roohomieally  by  maintaining  the 
exit  side  of  the  specimen  at  a constant  anodic  potential  of 
+ 250  mv  versus  a saturated  calomel  reference  electrode. 

At  tins  potential  any  hydrogen  reaching  t ho  exit  side  would 
be  ionized.  A potentiostat  supplied  the  current  necessary 
for  hydrogen  ionization  without  changing  the  potential  of 
the  sample.  The  potent iost at ie  current  was  a direct  mea- 
sure of  the  amount  of  hydrogen  leaving  the  exit  side  of  the 
specimen.  This  current  was  recorded  as  a function  ot  time 
with  a Keithley  Electrometer  Model  600U  and  a Houston  Omni - 
scribe  strip  chart  recorder.  Since  the  sample  had  a con- 
stant cross-sectional  area,  the  recorded  current  could  be 
converted  to  current  density  Using  Faraday's  Law  of  Elec- 
trolysis, current  density  can  be  expressed  as  hydrogen  flux 
by  the  following  relation***: 

10  amp/cm  = 1.04  x 10  1 moles  H/cm"sec 
Fluxes  can  be  measured  accurately  ns  low  as  10  * * moles 

2 1 it 

ll/cm  sec  using  this  technique 

das  phase  charging  permeation  experiments  were  tun  us- 
ing hydrogen  (99.999%)  which  was  mixed  with  argon 
(99.99%)  with  the  aid  of  Mathoson  Model  7351  Gas  Propor- 
tional Controllers.  This  mixture  was  simply  a 1 1 owed  to 


.’•1 


flow  into  tho  inlet  side  of  the  cell.  By  varying  the  flow 
rates  of  these  two  qasr.es  different  hydrogen  partial  pres- 
sures were  attained.  The  total  gas  pressure  in  the  cell 
was  maintained  at  slightly  over  one  atmosphere  in  all  ex- 
periments . 

The  solution  in  the  exit  cell  was  0.2N  sodium  hydrox- 
ide. Other  researchers^'  7 ' 6*-  have  used  sulfuric 

acid  for  this  research,  but  sodium  hydroxide  is  most 
commonly  reported  .All 

sodium  hydroxide  solutions  were  made  from  Fisher  certified 
ACS  electrolytic  grade  sodium  hydroxide  pellets  used  with 
deionized  - distilled  water.  The  solution  was  always  de- 
aerated with  nitroqen  qas  for  twenty-four  hours  prior  to 
use.  The  solution  in  the  cell  was  stirred  with  the  aid  of 
a magnetic  stirrer.  Nitrogen  gas  ( 9 c> . 9 ^ V.  pure)  was  bub- 
bled through  all  experimental  solutions  to  aid  in  stirring 
as  well  as  to  purge  any  dissolved  oxidizing  gases.  The  en- 
tire experimental  apparatus  is  enclosed  in  a constant  tem- 
perature chamber  maintained  to  with  + 0.1°C  by  the  use  of  a 
RFL  Industries  Proportional  Temperature  Controller  Model 
70-115. 

Two  side  by  side  ident  ical  experimental  permea t .ion  set 

ups  are  list'd  during  ouch  experiment  inside  the  constant 

4 \ 

temperature  chamber.  This  is  to  check  i eproduc i b i 1 i t y 

While  most  of  the  expel iments  to  be  discussed  in  this 
thesis  used  the  gas  phase  charging  system  discussed  above, 
some  experiments  wore  run  using  elec t roly t i ca 1 1 y charged 


hydrogen.  The  experimental  cell  for  these  experiments  is 


shown  in  Figure  10.  The  right-hand  or  exit  side  of  the 
cell  is  similar  to  that  shown  in  Figure  8.  An  additional 
electrode  is  added  to  the  left-hand  or  charging  side  of  the 
cell,  and  the  sample  and  auxiliary  electrode  are  connected 
to  a constant  current  D.C.  electric  power  supply.  The 
charging  side  of  the  cell  was  filled  with  an  deaerated  0 . 2N 
sodium  hydroxide  solution.  Flectrolytic  hydrogen  was  pro- 
duced by  turning  on  the  power  supply  at  a pre-set  charging 

current.  The  term  current  density,  CP,  will  be  used  to  de- 

"> 

scribe  the  charging  current  and  its  units  are  ma/cmi.  A 
schematic  of  the  electrochemical  cell  and  its  electric  cir- 
cuit for  electrochemical  charging  is  shown  in  Figure  11. 

Glass  experimental  cells  having  geometries  similar  to 


that  shown  in  Figure  8 have  been  reported  by  a number  ol 

. 18,  43,  37,  45,  48  . t , 4l 

researchers  , but  early  research  at  the 

48 

U.S.  Army  Materials  and  Mechanics  Research  Center  and  at 

4 1 4 1> 

the  University  of  Rhode  Island  ' indicated  a need  for 


an  improved  electrochemical  cell  design  incorporating  the 
principles  described  by  N.  Greene  in  his  book  on  electro- 


chemical technique.  The  recommenda t ions  ot  Greene  were  in- 
corporated in  the  cell  design  shown  in  Figure  in'*1’. 


Experimental  Cell  used  for  Electrochemical  Charging 


Figure  1 1 Schematic  of  Experimental  Electrochemical 
Cell  and  tiie  Electric  Circuit.  Necessary 
for  Electrochemical  Charging  Hydrogen  Per- 
meation Experiments. 
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|l . Samp!  i'  Mi'inl'i  .mas 

1 . Ma  t ei  ia  1 

The  matei  ial  chosen  foi  this  study  was  Ferrovac  - F. 
lion.  The  composition  is  shown  in  Table  2 . 

The  metal  was  supplied  in  the  as  tolled  condition 
1 5 . 2 4 cm  ( 0 in.)  by  8 . 2 .1  cm  ( 1 . 2 5 in.)  by  8.23  cm  ( 3 . 2 5 
in.).  The  as  received  iron  was  machined  into  sample  sizes. 
This  was  done  by  first  cuttiiuj  the  iron  bar,  perpendicular 
to  the  Iona  axis  ol  the  bai  , into  slices  of  the  appropriate 
thickness.  These  si  ices  were  then  cut  into  tout  samples, 
each  ono  beiiuj  2. 3*1  cm  (1  in.)  x 2.34  cm  (1  in.)  x sample 
t h ickness . 


Ferrovac  - E iron  was  chosen  in  this  research  because 
of  its  h i ah  purity.  Also  permeation  transients  showed  re- 
producibility from  duplicate  samples,  somothina  a previous 
study  usina  Armeo  iron  at  the  University  of  Rhode  Island 
lacked.  The  impurities  listed  in  Table  2 should  not  have 

a area t effect  on  the  pcrme.it  ion  of  hydioaen  in  this  hiah 
4 4 

purity  iron 


There  are  hydrogen  traps  in  the  f'oviovac  - F.  iron 
studied.  All  samples  should  have  similai  trap  densities. 
Tin'  effect  traps  have  on  hydioaen  pet  meat  ion  snouhl  exist 
in  all  expet  intents.  This  is  supported  by  the  tact  that  re- 
producibility was  exhibited  t i out  duplicate  samples. 

',  IS,  17,  2'>,  12 


1 1 on 


Felt  ovac  - l’.  iron 
18,  28,  ll,  15,  41,  44,  4s,  49 


as  wi'l  I as  Armeo 
have  been  used  by  other 


resent  diet s . 
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Table  2 Composition  o£  Ferrovac  - E Iron 
used  in  this  Study* 


Element 

Weight  % 

Aluminum 

0.01 

Carbon 

0.005 

Chromium 

0.001 

Cobalt 

0.002 

Copper 

0.002 

Managanese 

0.001 

Molybdenum 

0.005 

Nickel 

0.007 

Phosphorus 

0.003 

Silicon 

0.006 

Sulphur 

0.005 

Tin 

0.004 

Tungsten 

0.01 

Vanadium 

0.004 

Oxygen 

0.0078 

Iron 

Balance 

* Analysis  supplied  by  Colt  Industries,  Crucible 
Inc.,  Speciality  Metals  Division,  Pittsburgh , PA. 


2.  Specimen  Preparation 

a.  Polishing 

The  as  received  Ferrovac  - E iron  was  machined  to 
thicknesses  varying  from  0.051cm  (0.020  in.)  to  0.208  cm 

(0.080  in.)  by  the  procedure  mentioned  previously.  Then  a 
surface  preparation  sequence  was  performed.  The  square 
samples  were  ground  with  Carbimet  - Sic  grinding  paper  - 
down  to  600  grit.  The  next  stage  was  rough  polishing  in- 
cluding a 6 micron  diamond  abrasive  polish  followed  by  an 
1 micron  aluminum  oxide  abrasive  polish.  The  samples  were 
then  ul trasonically  cleaned  in  Buehler  Ultramet  Sonic 
Cleaning  Solution  for  30  minutes.  A distilled  water  rinse 
was  used  to  remove  all  residual  cleaning  chemicals,  and  a 
very  shiny  surface  resulted.  At  the  end  of  the  preparation 
sequence  the  sample  surface  was  checked  for  scratches  by 
the  use  of  a Unitron  Inverted  Metallurgical  Microscope 
Model  MEC-CM-055.  This  sequence  was  found  to  be  quite  re- 
producible from  sample  to  sample. 

b.  Electroplated  Palladium  Surfaces  on  Iron 
Membranes 

Examination  of  the  potential-pH  diagram  for  iron, 
Figure  12,  (which  has  been  experimental  ly  confirmed)"’^' 
indicates  that  surface  reactions  (ion  buildup  and  passive 
film  formation)  resulting  in  hydrogen  blocking  effects  are 
expected  in  most  aqueous  solutions.  During  gas  phase 
charging  the  inlet  surface  is  not  in  an  aqueous  solution 
but  in  an  oxidizing  atmosphere.  The  iron  would  form  an 


ox  i do  film  blocking  liyd  i ogon  oil  i y.  lice,  i use  o I l hose 
blocking  of  feels  it  w.is  found  to  bo  iiocossary  to  coat  the 
sample  surfaces  with  an  inert  coating^  • 

Palladium  was  chosen  1 o coat  the  sample  surface  and  is 
intended  to  produce  an  inert  surface,  minimizing  corrosion 
effects  on  hydrogen  entry,  while  supplying  a readily  per- 
meable medium  which  is  not  rate  control  linn  for  hydrogen 
transport.  Examination  of  the  potent iol-pH  diagram  for 

•jl) 

palladium  , Figure  l 1,  indicates  that  palladium  sut faces 
should  be  t hot  modynum  i cu  1 l y stable  in  most  .U]iieous  environ- 
ments. The  coating  on  the  exit  side  ot  the  sample  is  ne- 
cessary to  protect  the  surface  t rom  corrosion  resulting 
from  the  applied  potential  used  to  ionize  t he  hydrogen 
exiting  the  sample. 

A previous  study  at  the  University  ot  Rhode  Island  in- 
dicated the  importance  of  obtaining  an  adherent  palladium 
coating  **’.  Electroplated  palladium  was  found  to  pro- 
duce the  most  adherent  surface. 

Figure  14  shows  the  electroplating  set  up.  The  sam- 
ple was  attached  to  the  negative  output  of  a P.O.  power 
supply  and  made  the  cathode,  while  platam/.ed  niobium  was 
vised  as  anodes.  The  o loot  ropl  at  ing  solution  was  Technic 
Palladium  RT* . The  plating  solution  was  gently  stirred  by 
a magnetic  stirrer.  The  sample  was  immersed  in  the  solu- 
tion for  eon  t ro  1 1 i'd  t i mos  and  eu  r r on  l densities.  1 ho  c a - 

* Purchased  from  Technic  Inc.,  Providence,  R. I . 


D.C.  Power  Supply 


F ieure 


14:  Flectro  pie  tine  Apparatus  tor  riattmj 

Palladium  on  Both  Sides  of  the  Sample 
Memb rane 


thodic  current  density  was  'j'i  mu  cm'  and  plating  turn’  was 
2 minutes  for  2000  A°  ot  palladium  on  each  side.  The  plat- 
ing time  was  -1  minutes  when  4000  A°  ot  palladium  was  de- 
sired. As  the  sample  was  removed  aftei  he  mg  e l ect ropl a t ed 
it  was  washed  with  distilled  water  and  was  then  ready  for 
a permeation  experiment . All  data  in  this  report  is  foi 
samples  with  2000  A°  of  el ect ropla t ed  palladium  on  both 
s ivies  unless  otherwise  stated. 

When  palladium  was  necessary  on  only  one  s i vie  of  the 
sample  one  of  the  anodes  was  removed  and  that  side  of  the 
sample  was  masked  with  Scotch  Electroplating  Tape  Numbei 
470  . 

The  sample  surface  remained  blight  and  shiny  after  the 
electroplat ing  process.  Sample  surfaces  were  microscopi- 
cally checked  before  and  after  exposure.  No  damage  was 
visible  on  either  the  inlet  or  exit  surface. 

Figure  1 r'  shows  a hydrogen  permeation  sample  which  was 
used  in  earlier  hydrogen  permeation  studies  at  the  Univer- 
sity of  Rhode  Island  *.  The  type  of  damage  that  might  have 
occurred  if  this  plating  process  had  not  been  successful  is 
quite  apparent . 
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CHAPTER  3 

RESULTS  AND  DISCUSSION 

A.  Experimental  Parameters 

1.  Palladium  Entry  and  Exit  Surfaces 

It  is  important  to  show  that  the  palladium  exerts  no 

limiting  effect  on  hydrogen  transport  during  the  permeation 

experiments.  This  is  the  same  as  showing  that  the  bulk 

iron  is  the  rate  limiting  material  for  hydrogen  transport. 

Inlet  and  exit  surfaces  were  both  coated  with  palladium 

films.  This  was  shown  to  be  necessary  by  results  which 

will  be  presented  later  in  the  text.  The  palladium  does 

not  measurably  alter  the  transport  of  hydrogen  because  it 

- 5 

is  very  thin,  on  the  order  of  10  cm,  and  because  the  pal- 
ladium has  a higher  solubility  for  hydrogen  than  iron  has 
for  hydrogen 

An  analysis  of  diffusion  in  composite  membranes  has 
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been  carried  out  by  Barrio  et.  al.  . It  shows  thatdiffu- 
sion  through  the  bulk  iron  is  the  rate  limiting  step.  From 
Barrie  et.  al.  the  equation  for  permeation  through  a Pd-Fe- 
Pd  composite  membrane  is: 

(4) 

(4a) 


T 


LFo  2LPd 

^Fe  SFe  ®Pd  Srd 


and 


°Fe  SFc 


. J2d_ 
nPd  SPd 


for  a Fo-Td  membrane. 


)H 


where : 

P = Permeability  through  composite  material 
Dpe  = Lattice  di f f usivity  of  hydrogen  in  iron 
Dj  , = Lattice  diffusLvity  of  hydrogen  in  pal  In- 
dium 

Sp  = Lattice  solubility  of  hydrogen  in  iron  at 
equilibrium  with  1 atmosphere  hydrogen 
pressure 

Sp^  = Lattice  solubility  of  hydrogen  in  palla- 
dium at  equilibrium  with  1 atmosphere  hy- 
drogen pressure 
Lp^  = Thickness  of  iron  layer 
l.pj  = Thickness  of  palladium  layer 

L = L„  + 2LT,  , or  Ln  + Ln  , = Total  thickness 
Fe  Pd  Fe  Pd 

of  membrane 

14 

Oriani  found  the  lattice  diff usivity  of  hydrogen  in  iron 

o -52  53 

at  25  C to  be  3.2  x 10  cm  /sec,  while  Ansell  et.  al. 

found  the  lattice  diffusivity  of  hydrogen  in  palladium  at 

o -72  19  15 

25  C to  be  3.1  x 10  cm  /sec.  From  Oriani  and  Salmon 

the  ratio  of  lattice  solubilities  of  hydrogen  in  iron  and 

palladium  at  25°C  can  be  estimated  as: 

= 1.4  x 106  (5) 

bFe 

If  a substitution  is  made  into  Fquation  4 for  the  thinnest 
sample,  L = 6.1  x 10  ^ cm  (0.024  in.)  and  Lp^  = 2 x 10  "’em 
(2000  A°),  using  the  fastest  reported  lattice  di  ff  usivity  of 


J'J 


hydrogen  in  iron,  Oriani's  value,  and  the  slowest  reported 
lattice  diffusivity  of  hydrogen  in  palladium,  Ansell's  val- 
ue, it  can  be  shown  that  the  overall  permeation  process 
will  be  controlled  by  the  bulk  iron  to  with  2 parts  in  107. 

As  the  thickness  of  the  iron  sample  increases,  the  palla- 

54 

dium  will  show  even  less  influence  on  hydrogen  transport 
This  analysis  therefore  shows  the  worst  effect  the  palla- 
dium could  have  on  the  overall  permeation  process.  This 

15  18 

sort  of  analysis  has  been  used  by  other  researchers  ' ' 

28,  54.  Thus  palladium  surface  coatings  can  be  used  on 
iron  permeation  samples  with  no  measurable  change  in  the 
total  transport  rate. 
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2.  Typical  Data  and  Reproducibility 

A typical  experimental  permeation  curve  has  distinct 
regions,  which  are  shown  in  Figure  lo.  First  is  the  break- 
through region  which  describes  the  time  necessary  for  the 
first  hydrogen  to  leave  the  exit  side.  The  measured  break- 
through time  is  dependent  upon  diffusivity,  the  sensitivity 
of  the  measuring  system  and  the  thickness  of  the  membrane. 
Second  is  a transient  region  which  shows  an  increasing  hy- 
drogen flux  with  time.  The  transient  region  is  followed  by 
a steady  state  region  associated  with  a stable  hydrogen 
concentration  profile  within  the  membrane.  The  magnitude 
of  the  steady  state  flux  depends  on  the  lattice  diffusiv- 
ity, the  concentration  of  lattice  hydrogen  at  the  entrance 
surface  and  the  thickness  of  the  membrane,  as  shown  by 
Fick's  first  law^: 


J 


cv 


p 


L 


16) 


which  can  be  rewritten  as: 


where : 

Jx(  = Steady  state  hydrogen  flux 
D - hut  t i co  d i ( f us i v i t y 

C = Concentration  of  lattice  hydrogen  at  en- 
o 1 

trance  surface 


l. 


Membrane  thickness 


•1 


II  t hi'  hyd  roi|on  smiroi’  is  t u i ned  oil  it  1 ho  inlet  su  i 1 ,nv , 
.in  evolution  t t .ins  ion!  is  ohsri  vod  .it  the  exit  surf  nee  .is 
shown  i n r i uu  to  1 / . 

Sueeess  i vo  absoi  pt  von  and  ovolut  ion  tiansionts  i e- 

eordod  (,'n  t ho  s.imo  s.ini|'h'  show  qood  t opt  oduo  il>  i 1 i t y os  i s 

shown  in  Pinnies  18  and  1 ‘t . This  t opt  odue 1 h i 1 i ( y suuuosts 

that  traps  are  not  boinu  tot  mod  oi  on  I at  nod  dut  i tin  hydrouen 

chaiijino,  at  least  within  the  sensitivity  of  the  teehniiiuo 

to  moasui  o t tap  utowth.  Sinnlai  i opt  odue  v 1'  i 1 1 1 y has  boon 

'I  t.l 

demons t i a t od  at  the  University  ot  Pennsylvania  ' , Oot- 

no  1 1 Un  l vei  s l t y ' ° ' * , and  at  U . C . 1. . A . ns  i mi  o 1 oet  i orhomi  - 

ea  l ehaiuiuu.  ’Vhe  noeossity  t o proehat no  samples  with  hy- 
droqon,  piosumahl  y to  lilt  all  hydrouen  tiaps,  has  been  ob- 


served ruvessaty  to  obtain  i opi  odue  l b i 1 i t y in  eonsi’eut  i ve 


eh  a i a i tin  oxp< 


< ' t , 1 7 , w , hi' 

expei  i men t s . 


Tti  i s noeoss  i t y 


was  not  ini t i*il  in  the  present  tesoaieh. 

Uoekt  is  and  Subi  amanyan  "*  sinmested  that  hydionen  in- 
dueod  damaui'  oeeui  s in  metals  at  h i nh  hydtoqen  tlnx  levels 
due  tii  trap  mii'loat  ion  and  spieadniu  ot  imoioeraeks  to  titled 
by  disloeation  buildups.  bineo  uas  phase  ehaiumn  llowhy- 
droqen  tins)  was  used  in  this  loseareh,  inteinal  d.inuiie  nuy 
be  m i n i ilia  1 . 


The  I i mos  in 


ai\  in  this  reseaieli  lot  the  poitnea 


t i on  nil  vo  to  level  ot  t oi  i oaeh  st  ea.h  state  aio  eonsidei  - 


ably  lomiei  than  times  l epoi  t ed  elsewhei 


1 , l , Ik,  l It , 4 » 


The  times  to  st  eady  state  lepotiod  elsewheie  i aiute  ( i om  Id 
minutes  down  to  1 minute'’  ' ' ' ’ * ''  ’ * ' . These  ri'Searoh- 


Successive  Absorption  Transients. 
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4 <> 

ers  do  not  show  the  permeation  transients  lor  a lonq  term 

situation,  say'  10  hours.  In  this  study  a steady  state  was 

reached  in  most  cases  in  less  than  5 hours,  but  in  a few 

cases  steady  state  was  not  attained  until  10  hours. 

Non-steady  state  conditions  have  been  reported  by  oth- 
3 4 34 

er  researchers  ' ' and  wore  the  subject  of  an  extensive 

4 3 

earlier  investigation  at  the  University  of  Rhode  Island  ' 
46 
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3.  Surface  Versus  Volume  Control 

In  permeation  experiments  it  is  important  to  consider 

1 8 

the  possibility  of  surface  impedence  . Stated  otherwise 
bulk  transport  should  be  the  controlling  factor  not  surface 
entry  processes.  A suitable  test  is  the  measurement  of  the 
steady  state  flux  as  a function  of  membrane  thickness, 
Fick's  First  Law?'  . Following  the  relation  in 

Equation  5 the  steady  state  flux,  J,  should  vary  linearly 
with  inverse  thickness,  L ^ . Figure  20  is  a plot  of  steady 
state  flux  versus  inverse  thickness,  and  it  shows  a linear 
relationship  for  three  hydrogen  partial  pressures,  indica- 
tive of  a bulk  transport  controlled  process. 

Absorption  curves  for  membranes  of  different  thicknes- 
ses are  shown  in  Figures  21-23.  The  basic  shapes  cf  the 
permeation  curves  remained  the  same  throughout  all  experi- 
ments done  via  gas  phase  charging. 

It  was  stated  earlier  in  this  thesis  that  the  neces- 
sity to  coat  the  samples  with  electropla ted  palladium  ex- 
isted. Experiments  were  run  to  varify  this.  When  a sample 
with  an  uncoated  (bare)  inlet  surface  but  coated  exit  sur- 
face was  tested  in  a gaseous  hydrogen  environment,  no  per- 
meation flux  was  recorded.  A plausable  explanation  for 
this  is  that  the  inlet  surface  reactions  were  not  allow- 
ing hydrogen  to  enter  the  iron.  These  surface  reactions 
could  include  an  iron  oxide  layer  build-up  which  would  hin- 
der hydrogen  entry.  Yet,  when  an  uneoated  exit  side  and 
coated  inlet  side  sample  was  tested,  a permeation  flux  was 


r mr  mm.  > 

Figure  2i:  Ausor  f-.ti.on  Transients  as  a Function  of  Thickness 
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registered.  The  reproducibility  of  this  experiment  is 
shown  in  Figure  24.  But  the  recorded  permeation  flux  was 
considerably  lower  than  a coated  inlet  side  and  exit  side 
sample  under  the  same  hydrogen  partial  pressure  conditions. 
Figure  25.  This  lower  permeation  flux  can  be  related  to 
the  build  up  of  the  iron  oxide  external  layer  in  the  pres- 
cence  of  the  sodium  hydroxide  environment.  The  iron  oxide 
stops  the  hydrogen  from  leaving  the  iron,  causing  the 
change  in  permeation  curves  seen  in  Figure  25. 

Since  the  iron  surfaces  are  coated  with  palladium,  it 
is  necessary  to  test  for  palladium  thickness  having  any  ef- 
fect on  permeation.  Figure  26  shows  a plot  of  permeation 
data  for  samples  with  varying  palladium  thicknesses.  No 
appreciable  difference  in  absorption  transients  was  ob- 
served, thus  proving  palladium  not  having  a measurable  ef- 
fect on  permeation.  This  experimental  data  supports  the 
calculation  shown  earlier  in  Section  3A1  of  this  report. 


Exit  Surface  Permeation 


4.  Elect  rochemi  cal  Chari]  ing  Versus  Gas  Phase  Charqinq 

It  was  mentioned  earlier  in  this  thesis  the  fact  that 

times  to  reach  steady  state  flux  were  considerably  lonqer 

than  times  reported  elsewhere.  No  steady  state  flux  was 

attained  in  previous  studies  at  the  University  of  Rhode  Is- 
4 3 4 4 

land  ' and  at  the  U.S.  Army  Materials  and  Mechanics  Re- 
4 8 

search  Center  usinq  an  electrochemical  charqinq  method. 

Figure  27  is  a plot  of  a typical  electrochemical 
charging  experiment  permeation  transient.  No  steady  state 
was  attained  after  100  hours.  The  charging  current  density 
was  0.025  ma/cm  . 

An  attempt  was  made  to  compare  electrochemica 1 charg- 
ing flux  hydrogen  levels  so  that  of  gas  phase  charging. 

Due  to  equipment  limitations  the  comparison  was  not  at- 
tained. The  D.C.  power  supply  used  for  production  of  elec- 
trolytic hydroqen  could  not  produce  a low  enough  output. 
The  electrochemical  hydroqen  flux  level  is  at  least  four 
times  greatei  than  the  maximum  gas  phase  hydrogen  flux  lev- 
el achieved.  The  ability  of  compare  electrochemical  anil 
gas  phase  charging  has  been  reported  by  othei  researchers 


15,  18,  28 


. A possible  explanation  ot  the  non-steady  state 


condition  could  be  continuous  internal  damage  causing  hy- 
drogen trap  growth**.  This  would  be  mote  app.it  ent  at 
higher  hydrogen  flux  levels. 

Since  a steady  state  flux  level  was  necessary  tor  data 


I 


analysis  to  produce  diffusion  coefficients  or  activation 
energies,  gas  phase  charging  was  used  in  all  experiments 


B . Data  Analysis  Methods 


V) 


1.  Effective  Diffusivity  from  Absorption  and  Evolu- 
tion Transients 

If  the  permeation  of  hydrogen  in  iron  is  diffusion 
controlled,  the  effective  diffusivity  of  hydrogen  in  iron 

can  be  calculated  under  the  assumption  that  hydrogen  perme- 

151829  57 

ation  obeys  Fick's  First  Law  ' ' . McBreen  et.  al. 

developed  an  analysis  for  hydrogen  absorption  that  can  ap- 
ply to  the  permeation  experiments  done  in  this  study.  The 
permeation  process  can  be  shown  by  Fick's  Second  Law  for 
constant  diffusivity^: 


2 

9C  _ _1_ 

9x^  D 

1j 


— =0  0 < x < L (7) 

at 


where: 

C = Concentration  of  hydrogen 
t = Time 

The  boundary  and  initial  conditions  for  this  experimental 
set-up  during  an  absorption  transient  are  shown  below^: 

C = C X = 0 t < 0 

o — 

C = 0 X = L t > 0 

C = 0 0 < X < L t<0 

Using  the  method  of  Laplace  transforms  on  Equation  7 for 

the  above  conditions,  a series  solution  of  the  transient 
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hydrogen  flux  is  obtained  : 


fid 


JT 


2 Dr  C 
L o 


nl/2  L (r)l/2  n=0 


T.  (-l)n  exp  - ( 2n  + 1)2/4i  (8 


where ; 


D 


T = 


EFF  t 


(9) 


J,p  = Hydrogen  flux  at  time,  t 
Dgpp  = Effective  diffusivity  of  hydrogen  in  iron 

Noting  from  Equation  6 that: 


J = 


Dt  C 
L o 


we  have: 


_ 1/2  1/2  n 
J v t n=0 

00 


(-l)n  exp  - ( 2n  + 1 ) 2 / 4 t 


(10) 


The  first  term  of  the  series  in  Equation  10  gives  results 
valid  up  to  96.77%  attainment  of  steady  state  permeation, 
i . e . , 


T 

J IT 


2 1 

172  ~T72  exp 


JT  ; 0 < t < 0 . 5 (11) 


Using  Equation  10,  it  possible  to  calculate  effective  ab- 
sorption diffusivity  of  hydrogen  in  iron  by  finding  the 

time  required  to  attain  any  fraction  of  the  steady  state 

57 

permeation  up  to  96.7?,  . The  equation  for  effective  ab- 

sorption diffusivity  now  reads: 


D 


T L 


EFF 


(9a) 


For  example,  when  the  flux  reaches  831  of  its  steady  state 
value,  the  following  expression  for  effective  diffusivity 


is  used. 


0 . 25L 


where : 


t 0 = Time  necessary  for  permeation  flux  to 

O J B 

reach  83%  of  J 


Figure  28  is  a plot  of  dimensionless  time,  t (Equa- 
tion 9),  versus  normalized  flux,  J/J cn.  There  seems  to  be 
very  good  agreement  between  actual  data  and  theory,  there- 
fore the  tg^%  analysis  is  shown  to  be  valid  and  is  used  in 
this  permeation  study. 

The  same  sort  of  analysis  used  for  absorption  tran- 
sients can  be  used  for  evolution  transients^ ^ . Us- 
ing the  method  of  Fourier  analysis,  effective  diffusivi- 
ties  can  be  calculated.  However  it  is  important  to  point 
out  that  because  the  boundary  condition  at  the  inlet  sur- 
face is  not  well  defined  when  hydrogen  charging  is  stopped, 

the  evolution  transient  analysis  is  somewhat  more  compli- 

. ,15,  18,  47 

cated 

Tl\c  absorption  transient  analysis  will  bo  used  in  this 
thesis  to  calculate  effective  d i f f us i vi t i cs . Thus  the 
term  "effective  diffusivity  "as  used  in  this  thesis  is  ac- 


tually "effective  absorption  diffusivity. 


DIMENSIONLESS  TIME  PARAMETER  (i  = pt/L2) 

Figure  29:  Comparison  of  Laplace  Transform  Fredicti 
with  Expei imental  Results. 


t.  I 


figure  20  is  a plot  ol  calculated  effective  diffusiv- 
ity  versus  thickness  at  certain  hydrogen  partial  pressures 
It  is  shown  that  as  hydrogen  partial  pressure  vs  increased 
at  the  sane  thickness  there  exists  an  increase  in  calcu- 
lated effective  diffusivity. 


2.  Lattice  Diffusivity  from  the  Time  Lag  Analysis 
Lattice  diffusivity  can  be  calculated  from  time  lag 
extrapolations.  Figure  30  shows  an  ideal  time  lag  extrapo- 
lation. The  value  of  the  time  lag,  t , is  derived  from  a 

la 

plot  of  the  total  hydrogen  flux  versus  time.  What  is  meant 
by  the  total  hydrogen  flux  is  the  total  quantity  of  hydro- 
gen emerging  from  the  exit  side,  in  other  words  the  time 
integral  of  the  permeation  current.  When  a steady  state 
permeation  flux  has  been  attained,  the  slope  of  this  curve 
will  be  linear.  The  time  lag  is  calculated  by  extrapolat- 
ing this  straight  line  back  to  the  horizontal  or  time  axis. 
McNabb  and  Foster  in  1963  developed  a time  lag  analysis  to 

take  into  account  the  effect  of  hydrogen  trapping,  this  was 

5 1 

later  modified  by  Boes  and  Zuchner  in  1976.  Since  this 

analysis  was  developed  in  1963,  earlier  researchers  could 

not  take  advantage  of  its  simplicity. 

5 8 

McNabb  and  Foster  modified  Fick's  second  Law  to  ex- 
plain trapping  as  follows: 


where : 


(13) 


D.  = Lattice  diffusion  or  hydroqcn 

Li 

o - Fraction  occupancy  of  traps 
- Trap  density 

C’j  = Lattice  concentration  of  hydrogen 
When  eonsideiing  rate  of  interchange  of  hydrogen  atoms  be- 
tween trapped  and  diffusing  species,  the  rate  equation  for 


• UO  I -4  t>  | oiJl'J  I X’J  iiO’l  oul  }J.  : (J(  oilihlj 


(.7 


trapping  is: 

30 

~ = k CL  (1  " °x)  ‘ p0x  (14) 

where : 

k = The  kinetic  trapping  parameter 
p = The  kinetic  releasinq  parameter 

A solution  of  Equation  (13)  is  used  to  desribed  the  lag 
time : 


‘l  - - 1 - - ■ - * -2 

Dl  6 2B  e 


; (1  + B)  loq  (1  4 B)  (15) 

B 


where : 


a - Jump  distance  (membrane  thickness) 


Nx  p - trapping  parameter 


B = 


C = 


, 0 

k _ X 

n ' - activity  of  hydroqen  in 

F 1-0 

x 

traps 

Lattice  concentration  at  input  surface  of 
the  permeation  membrane 


Only  the  first  term  of  Equation  15  is  used  when  a time  lag 
analysis  is  necessary  to  calculate  lattice  di f f usivi t y59 . 
The  rest  of  the  terms  in  Equation  15  ate  neqliqible.  The 
equation  for  time  lag  becomes: 


I a ‘ 

f>  n. 


(it.) 


°L  = — - 

L 6 t 


(16a) 


Figure  31  is  an  actual  time  lag  plot  of  a 0.122  cm 
(0.048  in.)  thick  membrane  at  a hydrogen  partial  pressure 
of  1/5  atm.  The  time  lag  is  equal  to  28  minutes.  Substi- 
tuting into  Equation  16a  a value  for  lattice  diffusivity  of 
— 6 2 

1.47  x 10  cm  /sec  is  obtained. 

Figure  32  is  a plot  of  lattice  diffusivity  versus 
thickness  for  three  different  hydrogen  partial  pressures. 
There  seems  to  exist  an  increase  in  calculated  lattice  dif- 


fusivity as  thickness  is  increased. 
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Figure  32:  Lattice  Diffusivity  as  a Function  of  Sampl 
Membrane  Thickness. 
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3.  Temperature  Effects  on  Permeation 

The  effect  ot  temperature  on  permeation  was  studied. 
Figure  33  shows  absorption  curves  for  various  temperatures. 
As  temperature  was  increased,  the  value  of  steady  state 
flux  increased.  The  t ime  necessary  to  obtain  steady  state 
flux  also  increased  with  increasing  temperature. 

A plot  of  calculated  effective  diffusivity  versus  re- 
ciprocal temperature  is  shown  in  Figure  14. 

Restating  Equation  3: 

Deff  = Do  exp  ~Q/RT  (17) 

it  is  seen  that  this  equation  has  the  form  of  a typical 
react  ion-rate  equation  first  described  by  Arrhenius1’^. 
Taking  the  common  logarithm  (2.3  I.otij  (x)  - bn  Cx)  of 
Equation  17  yields: 

Log  I),,.,..  = - 0 + Log  D (IK) 

hH'  2.3  RT 

This  is  an  equ.it  ion  of  the  form: 

y mx  < b ( 1 >) ) 

which  is  the  equation  of  a straight  line.  It  can  be  seen 
that  the  relationship  between  bog  I)  and  1/T  is  lineai 
with  its  slope  equal  to  -0/2.  1R.  Acl ivat  ion  energy,  0, 
can  now  be  simply  calculated.  When  this  analysis  is  pet  - 
formed  on  a least  squares  tit  of  the  data  of  Figure  14  it 
gives  an  activation  energy  ol  diffusion  ol  1 . S Ken  1 /mole. 


This  value  computes  reasonably  will  with  the  high  tempera- 
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ture  values  taken  from  the  data  of  Fiqure  5.  This  value  is 
considerably  lower  than  most  of  the  low  temperature  values 
taken  from  the  data  of  Fiqure  5. 

The  steady  state  flux  was  also  observed  as  a function 
of  temperature  and  the  results  are  shown  in  Fiqure  35.  A 
least  squares  fit  of  this  data  reveals  an  activation  energy 
of  permeation  that  agrees  somewhat  wi  th  the  high  temperature 
values  of  other  researchers.  Conzaloz^  summarized  and 
statistically  analyzed  most  of  the  available  permeation  da- 
ta and  arrived  at  an  activation  energy  of  8.5  + 0.4  Real/ 
mole  within  a 80%  confidence  level. 

The  disagreement  between  the  two  calculated  activa- 
tion energies  deserves  some  consideration.  A diffusivity 

activation  energy  of  1.9  Kcal/mole  in  the  absence  of  trap- 

. 19 

ping  was  predicted  by  Onani  . The  calculated  value  of 
3.5  Kcal/mole,  being  considerably  higher  than  Oriani's  val- 
ue, indicates  that  trapping  may  be  occurring  in  this  Ferro- 
vac  - E iron. 

The  agreement  of  calculated  activation  energy  of  per- 
meation with  the  values  of  Gonzalez1’*  is  in  dramatic  con- 
trast with  the  large  deviation  of  calculated  diffusivity 

1 9 

activation  energy  with  that  of  Onani  . This  situation 
can  be  rationalized  if  the  difference  in  the  two  ac t i va t ion 
energies  is  considered.  Measurement  ot  the  diffusivity  in- 
volves the  analysis  of  a structure  sensitive  property  be- 

1 8 

cause  of  trapping  . Therefore  disagreement  or  sc.it  tor 
among  different  researchers  can  be  expected,  duo  to 


/(> 


variance  in  metallic  internal  structures.  Out  steady  state 
permeation  is  not  influenced  by  trapping  because  at  steady 
state  the  lattice  and  trapped  hydrogen  are  in  equilibrium 
and  lattice  diffusion  is  the  dominant  process  . Therefore 
it  is  not  surprising  that  reasonable  agreement  with  lit- 
erature values  for  permeation  activation  energy  was  ob- 
tained in  this  study. 


I 

1 
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4.  Membrane'  Thickness  Kffects  and  Trapping 
Figure  29  and  Figure  32  showed  the  effect  of  membrane 
thickness  on  the  calculated  lattice  and  effective  diffusi- 
vities.  Other  researchers  have  seen  similar  results  of 
membrane  thickness  effects  on  effective  diffusivity  in  per- 
meability experiments  where  Ficks  Laws  are  assumed  to  be 

. . ,15,  18,  28,  62 
valid 

28 

Quick  observed  a thickness  effect  working  with  Ferro- 
vac  - E iron  while  using  a gas  phase  charging  technique  at 
low  temperatures.  He  observed  no  deviation  from  the  lin- 
earity of  the  steady  state  flux  versus  inverse  thickness 
plot;  Fick's  First  Law  was  valid.  At  high  temperatures  no 
thickness  effect  was  observed.  He  suggested  that  at  high 
temperatures  the  thickness  dependence  on  effective  diffu- 
sivity gradually  dampens  out  due  to  the  thermalization  of 

hydrogen  from  traps;  when  D„„„  = Dr  the  thickness  effect 

EFF  L 

l 5 

disappears.  Shih  used  zone  refined  annealed  iron  and  ob- 
served the  thickness  effect  at  low  temperatures  while  see- 
ing no  deviation  from  Fick's  First  Law.  Radhakr ishnan  and 
Shreir  worked  with  Swedish  iron  at  low  temperatures 
found  no  thickness  dependence  on  effective  diffusivity  in 
as  received  material.  When  they  used  material  that  had 
been  annealed  for  two  hours  at  650°C  the  thickness  effect 
was  detected.  There  was  a substantial  increase  in  effec- 
tive diffusivity  with  increasing  thickness.  No  deviation 


from  Fick's  First  Law  was  observed. 


7 H 


In  this  study  no  dovint  ion  from  Ftek's  First  haw  w.is 
observed.  Ttiis  can  be  seen  from  Finn  re  20,  rel.it  ing  to 
Equation  6. 

A possible  explanation  for  the  existence  of  the  thick- 
ness effect  is  the  surface  area  to  volume  ratio.  When  this 
ratio  is  large,  as  in  the  thinner  samples,  the  surface  ef- 
fects will  affect  permeation  more  than  when  this  ratio  is 

1 8 

small,  as  in  the  thicker  samples 

If  the  values  of  lattice  di f fus ivity , Dj  , from  Figure 

27  are  compared  with  the  values  of  effective  diffusivity, 

D„„,  from  Fiqure  28,  it  is  seen  that  D,  " D,,r,„  at  the  same 
Er  r I,  t,r  t 

hydrogen  partial  pressures.  This  can  be  attributed  to  the 
trapping  that  could  be  occurring  in  the  iron.  The  lattice 
diffusivity  is  the  diffusivity  calculated  if  the  only  dif- 
fusion process  occurring  was  lattice  diffusion,  in  other 
words  it  does  not  take  trapping  into  consideration.  Effec- 
tive diffusivity  takes  into  consideration  structure  sensi- 

l 8 

tive  processes,  such  as  trapping  . Therefore,  it  is  ex- 
pected that  D,  > D . 

L h.  r r 


In  this  study  it  invariably  is. 


5.  Pressure  Effects  on  Permeation 

Figure  3t>  is  a plot  of  steady  state  flux  versus  the 
square  root  of  hydrogen  partial  pressure  at  three  di  f ferent 
sample  thicknesses.  The  relationship  which  exists  between 
steady  state  flux  and  square  root  of  hydrogen  partial  pres- 
sure is  a linear  one.  This  shows  that  Sievert's  Law,  Equa- 
tion 2,  holds  true  for  this  permeation  study.  Other 
vestigations  have  reached  similar  conclusions1 5 ' . 


in- 


Steady  State 


CHAPTER  1 


SUMMARY  AND  NL'W  IDEAS 

Gas  phase  hydrogen  permeation  curves  have  been  obtained 
for  Ferrovac  - E iron.  A steady  state  was  always  obtained, 

therefore  the  data  analyses  developed  by  McNabb  and  Foster 

58  59  5 7 

, Boes  and  Zuchner  and  McBreen  et . al.  were  used  to 

calculate  lattice  and  effective  dif fusivities . In  this  re- 
search the  time  to  attain  steady  state  was  considerably 
longer  than  times  reported  elsewhere,  the  calculated  effec- 
tive di f f us ivi t ics  shown  in  Table  3 are  slower  than  most  of 
those  reported  by  other  laboratories  and  summarized  in  Ta- 
ble 1 . 

A membrane  thickness  effect  on  effective  diffusivity 
was  observed  as  shown  in  Figure  29.  The  effective  diffu- 
sivity as  calculated  was  observed  to  increase  with  increas- 
ing thickness  of  the  specimen.  The  same  sort  of  thickness 

cc  l.  w.  v.  . , . . 15,  18,  28,  62 

effect  has  been  reported  by  other  researchers 

A possible  explanation  for  this  thickness  effect  could  be 
surface  effects  that  impede  hydrogen  entry  and  permeation. 

Comparing  lattice  diffusivity  with  effective  diffusiv- 
ity, Figures  29  and  32,  it  was  observed  that  at  the  same 
hydrogen  partial  pressure  lattice  diffusivity  is  greater 

than  effective  diffusivity.  The  difference  can  be  attri- 

1 8 

buted  to  trapping  that  could  be  occurring  in  the  iron 
Effective  diffusivity  takes  internal  structure  effects  such 
as  trapping  on  diffusivity  into  account,  while  lattice  dif- 
fusivity does  not.  Obviously  effective  diffusivity  would 
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Dif f usivities  not  calculated  because  not  true  bulk  iron  diffusivity 
Di f f usivi ties  not  calculated  because  steady  state  not  attained 


be  less  thjn  l>(  . 

Table  3 contains  a summary  of  all  permeation  and  dif- 
fustion  data  presented  in  this  thesis.  Comparing  the  ef- 
fective diffusivity  data  in  Table  1 with  the  data  in  Table 
3,  it  is  seen  that  the  values  calculated  for  ef fective di  f- 
fusivity  in  this  study  are  considerably  slower  than  most  of 
the  values  reported  elsewhere.  The  slower  calculated  ef- 
fective di f fusivi t ies  can  be  explained  by  the  longer  times 
in  this  study  to  reach  steady  state  than  have  been  reported 
elsewhere.  As  previously  mentioned  in  this  thesis,  long- 
term permeation  curves  have  not  appeared  in  the  literature. 

If  other  researchers  allowed  their  permeation  curves  to  be 
extended,  it  is  possible  they  would  see  the  same  result 
that  has  been  seen  in  this  study. 

The  experimental  chamber  as  designed  has  the  ability 
to  reach  temperatures  in  the  range  of  100'V.  A higher 
temperature  study  seems  to  tie  the  next  step  to  investigate 

I 

the  so-called  anomalous  break  in  diffusivity  data.  To  pm  - 
sue  this,  a temperature  chamber  and  possibly  the  experi- 
mental cell  a long  with  its  apparatus  need  t o be  rebuilt  to 
withstand  the  higher  temperatures. 

The  gas  t 1 ow  system  .is  built  is  designed  to  have  an 
output  presume  ol  1 atm.  High  pressut  e permeation  studies 
would  complement  high  tompeiutuie  experiments  very  nicely. 

A pressure  chamber  experimental  cell  would  have  to  be  built 
to  pursue  this  sort  of  experimental  testing. 


80 
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An  exper imental  set-up  in  which  a sample  could  be 
stressed  in  a hydrogen  environment  while  monitoring  permea- 
tion flux  could  also  be  a direction  to  further  this  study. 
Experiments  of  this  type  have  been  reported  by  Bockris  et. 
al.  , Latanision  et.  al.  and  others.  Complicated  fac- 
tors would  have  to  be  taken  into  account  such  as  the  ef- 
fects on  the  palladium  coating  or  oxide  film  integrity. 


CHAPTER  5 


R 0 


CONCLUSIONS 

1.  A thickness  effect  exists  on  the  calculated  effective 
diffusivity.  As  the  experimental  membrane  thickness 

is  increased,  the  calculated  effective  di f f usivi ty a Iso 
increases . 

2.  Steady  state  hydrogen  permeation  fluxes  were  obtained 
for  all  gas  phase  hydrogen  permeation  experiments  per- 
formed in  this  research. 

3.  The  times  to  reach  steady  state  hydrogen  permeation 
fluxes  were  substantially  longer  than  times  previously 
reported  for  low  temperature  hydrogen  permeation  stud- 
ies on  iron  membranes. 

4.  Effective  diffusivity  rates  for  Fcrrovac  - F.  iron,  cal- 
culated by  the  technique  developed  by  McBreen,  Nanis 

-7  2 

and  Beck,  were  in  the  range  of  5.1  x 10  cm  /sec  to 
9.53  x 10  7 cm2/sec  at  30°C.  These  values  are  substan- 
tially slower  than  values  reported  elsewhere. 

5.  Lattice  diffusivity  rates  for  Fcrrovac  - E iron  were 

-7  2 

calculated  to  be  in  the  range  of  6.9  x 10  cm  /sec  to 

2.5  x 10  cm2/sec  at  30°C  by  the  technique  of  Foster 

58  59 

and  MeNabb  as  modified  by  Boos  and  Zuch ner 

6.  The  calculated  effective  diffusivity  increases  as  the 
partial  pressure  of  hydrocien  increases. 

7.  Inlet  and  exit  sides  of  the  experimental  membrane  must 
be  electroplated  with  palladium  to  obtain  true  bulk 


R7 

iron  permeation  data. 

8.  Calculated  lattice  diffusivity  is  shown  to  be  greater 
than  calculated  effective  diffusivity. 

9.  Fick's  First  Lav  of  steady  state  flux  varying  linearly 
with  inverse  thickness  was  shown  to  be  true. 
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